The use of L-proline derivatives employed in OXA-Michael-Henry tandem reactions has been an efficient method to produce enantiomerically enriched compounds. In this work it was carried out a study of the OXA-Michael-Henry reactions between salicylaldehyde and β-nitrostyrenes, catalyzed by L-proline and its derivatives. The corresponding (R)-3-nitro-2-phenyl-2H-chromenes were obtained in 55% enantiomeric excess (ee, 20 mol% L-proline) and 70% ee (stoichiometric amount) employing Ti(O i Pr) 4 as Lewis acid. Despite the ee obtained, to the best of our knowledge, this result represents the highest enantioselectivity obtained in this reaction. Therefore, this work demonstrated that it is possible to obtain considerable enantiomeric excesses in OXA-Michael-Henry reactions using L-proline, an inexpensive and accessible amino acid.
Introduction
Organocatalysis has been a target of great interest over the past years, due to the ease of obtaining organocatalysts which are easily stored, stable, non-toxic and economical. Additionally, organocatalysis is a class of catalysis that can be performed under mild conditions, without the necessity of inert atmosphere or anhydrous conditions. [1] [2] [3] Nowadays, organocatalysis has shown an exponential increase in the number of publications, expanding the interest in new catalysts and reactions in which asymmetric products can be formed with the use of organocatalysts in classic and useful reactions, such as Diels-Alder, Mannich, Michael reactions, and others. 4, 5 Asymmetric Michael reactions has been widely employed towards the synthesis of chiral compounds in order to develop new synthetic drugs, and to synthesize heterocycles and natural products. 6 The OXA-Michael-aldol cascade or "tandem" reactions is a series of consecutive intramolecular reactions that occur with the addition of an oxygen atom to an α,β-unsaturated system, which leads, as a first step, to the formation of an intermediate ion (enolate, nitro-enolate), which in turn performs an aldol addition (or similar) to the carbonyl group present in the initial molecule. 7, 8 S e v e r a l s t u d i e s o f OX A -M i c h a e l -A l d o l reactions performed between 2-hydroxyaldehydes and α,β-unsaturated aldehydes have been developed employing L-proline derivatives, and the results showed excellent enantiomeric excess (ee). [9] [10] [11] [12] [13] [14] [15] [16] [17] In these cases, the α,β-unsaturated aldehydes were activated through formation of an iminium ion; this being the step of a chiral environment. However, investigation of the reaction of salicylaldehydes with β-nitrostyrenes (in this case called OXA-Michael-Henry tandem reactions or OMH) for asymmetric synthesis of 3-nitro-2H-chromenes is relatively recent and did not show good enantioselective results when L-proline or L-proline derivatives were employed. 15, [18] [19] [20] [21] [22] [23] The main results are summarized in the Table 1 . For example, Xu and co-workers 19 obtained 85% ee using 20 mol% of a derivative of L-proline I in the reaction between 4-methoxysalicylaldehyde and β-nitrostyrene, this being the best result reported for this reaction. Thus, there is great interest on the development of several methods for the synthesis of these compounds, particularly the 3-nitro-2-phenyl-2H-chromenes, due to their potential application as pesticides, highly potent antihypertensive drugs and important intermediates in drug synthesis. 4 Based on the importance of the synthesis of chiral chromenes through OMH reactions, we disclose herein our synthetic effort for the synthesis of these chiral compounds.
Experimental
General procedure for the preparation of the racemic 3-nitro-2-phenyl-2H-chromene (4) In a round bottom flask with magnetic stirring salicylaldehyde 2 (2.5 g, 20.5 mmol), β-nitrostyrene 3 (1.0 g, 6.67 mmol) and triethylamine (0.1 g, 1.0 mmol) were added. The reaction was stirred at room temperature and monitored by thin layer chromatography (TLC). A solid residue was formed, which was removed by filtration in warm ethanol. The solvent of the filtrated was evaporated and the crude product was purified by column chromatography on silica gel eluting with ethyl ether:hexane:dichloromethane (1:5:1). The obtained compound was a yellow solid in 69% yield; mp 89.5-90. : 254.08117; found: 254.08113. The enantiomers were analyzed by high performance liquid chromatography (HPLC) using an Astec Cellulose DMP column (methanol 100%), retention time (t R ) = 11.4 min isomer (R) and t R = 10.5 min isomer (S).
General procedure for the preparation organocatalytic reaction with L-proline and co-catalyst To a solution of salicylaldehyde (1.1 mmol) it was added 1.5 mL of appropriated solvent and 20 mol% (0.2 mmol) of L-proline. The reaction was stirred at room temperature during 10 min, after that it was added β-nitrostyrene (1 mmol), 20 mol% of co-catalyst (0.2 mmol) and molecular sieves 4 Å. After 120 h, 10 mL of H 2 O and 10 mL of HCl 10% were added to the mixture and extracted with ethyl acetate (3 × 30 mL). Organic layer was dried with Na 2 SO 4 and concentrated under reduced pressure. The product was purified by flash chromatograph on silica column with ethyl ether:hexane:dichloromethane (1:5:1). 
Results and Discussion
Starting with the synthesis of the racemic 3-nitro-2-phenyl-2H-chromene (4) under conditions described by Sakakibara et al., 24 triethylamine was applied as base and the reaction between salicylaldehyde (2) and β-nitrostyrene (3) at room temperature and solvent free furnished 4 in 69% yield ( Figure 1 ).
As the chiral catalyst species are required to create a chiral environment, 4 L-proline was initially used as an organocatalyst to understand the scope and limitations of this reaction (Table 1) . To promote the best conditions for the OMH reactions and to evaluate the catalytic potential and asymmetric induction of the catalyst, this reaction was carried out under different conditions. Firstly, 20 mol% of L-proline and 4 Å molecular sieves were used under solvent-free conditions to induce the OMH reactions. Surprisingly, the desired product was obtained with 51% yield and 14% ee ( Table 2 , entry 1). In contrast to literature reports, which have indicated no ee when employing L-proline, 19 this result opens the possibility of developing a chiral OMH reaction. Subsequently, by using different solvents, the effects on ee were evaluated, and the best results were obtained using non-polar solvents such as toluene and chloroform (Table 2 , entries 2-4). However, the best yields were obtained by employing polar protic solvents, although the proportion of ee remained relatively low, which would become better with increasing steric hindrance of the solvent (Table 2, entries 5-7) .
Subsequently, the OMH reaction between 2 and 3 in the presence of 20 mol% of L-proline using different cocatalysts (Figure 2 ) was also investigated, based on previous literature reports. 4 The presence of L-tartaric acid (A) improved the asymmetric environment when compared to the conditions without co-catalyst, with or without solvent. According to Table 2 , the OMH reactions in the presence of A, using toluene as solvent, increased the proportion of ee to 42% ( Table 2 , entry 9); clearly a better result when compared to the conditions without co-catalyst (Table 2 , entry 2, 25% ee).
The influence of temperature on variation of ee was also evaluated, showing lower ee when the reaction was performed at 80 ºC with co-catalyst A (Table 2 , entry 10, 25% ee), when compared with room temperature condition ( Table 2 , entry 8, 30% ee).
Polar protic solvents such as dimethyl sulfoxide (DMSO) and dimethylformamide (DMF) decreased the ee values, indicating that the interactions between acid hydrogens from A and β-nitrostyrene might be directly affected by decreasing bonding intensity affecting the chiral environment. Therefore, as shown in Table 2 , the reaction did not result in considerable enantioselectivity when DMSO or DMF were used as solvent (Table 2, entries  11, 12, 15 and 18) .
Protic polar solvents showed lower enantioselectivity, possibly due to their capacity to interact with the organocatalyst and L-proline by hydrogen bonding, disfavoring the formation of the iminium and interactions with the nitro group. On the other hand, non-polar solvents such as toluene and chloroform increased the chiral environment, allowing the best asymmetric performance in the proposed reaction. 23 The use of co-catalyst A allowed better ee on formation of 4; therefore, it was decided to evaluate the enantioselectivity of the reactions using other co-catalysts that had been shown to be efficient for organocatalysis. 25 When co-catalysts B and C were used, poor enantioselectivities were observed, the condition with toluene showing the best results ( Table 2, entries 16 and 19, 14 and 8%, respectively). Xu and co-workers 19 explain the success of co-catalyst B possibly by a dual performance in the process with the formation of the aromatic iminium and hydrogen-bonding interaction between the oxygen of the nitro group and phenolic hydrogen of B. The influence of Lewis acids in this organocatalysis was also investigated, since they have shown promising results. 26 In this context, the use of Ti(O i Pr) 4 (D) and BF 3 .EtO 2 (H) were evaluated under different conditions (Table 2 , entries 21-29 and 33).
In the presence of D, the enantioselectivity was increased considerably: 55% ee with toluene ( Table 2 , entry 21) and 27% ee with CHCl 3 (Table 2, entry 22) . However, a decrease in ee was observed when co-catalyst H was employed.
In the presence of other co-catalysts, such as E and the mixtures A/D, D/E, and D/F (in the ratio of 1:1) ( Table 2 , entries [23] [24] [25] [26] , the efficiency of ee was reduced when compared to co-catalyst D, possibly due to the interactions between both co-catalysts, thus decreasing the interactions with salicylaldehyde and β-nitrostyrene.
Entries 30-33 of Table 2 show the screening of alternative co-catalysts (E-H) in toluene, as this solvent showed the best results in the previous experiments. These conditions resulted in moderate ee excesses and lower yields when compared to the reactions with D as co-catalyst.
Chiral binol in association with Ti(O i Pr) 4 were applied by Pu and co-workers 27 in highly enantioselective addition of alkynes to aldehydes. Based on these results, we decided to associate (R)-and (S)-binol to increase the chiral environment. 26, 27 Therefore, such association could be appropriate when comparing the results obtained in this work, since the use of the co-catalyst D demonstrated the most promising results. These results are probably due to the action of D as a Lewis acid, interacting with the nitro group in a more expressive way when compared to other co-catalysts.
Thus, the best enantioselectivity was seen in reactions using D only, compared to the use of (R)-binol (E) and (S)-binol (F) ( Table 2 , entries 30 and 31, 35% ee), or to a mixture of co-catalysts D/E or D/F ( Table 2 , entries 23 and 24, 50% ee). These results support that the chiral induction is promoted only by L-proline.
These results are considered satisfactory when compared with the results previously reported using L-proline as organocatalyst. 19 For example, Karthikeyan and Sankararaman 20 carried out the reaction using L-proline derivatives in DMF, 4 was obtained in low yields and with a maximum ee of 24%.
Some additional information of the limitations of this reaction needs to be discussed. First, the use of organic (Et 3 N) or inorganic (K 2 CO 3 ) bases to promote the deprotonation of phenolic hydrogen furnished the desired product, but no ee were observed. These results indicated that there is no formation of iminium salt, but occurs the direct attack of phenolate to β-nitrostyrene. Second, the reaction does not depend on the time to formation of iminium salt, reactions performed with more reaction time between salicylaldehyde and L-proline furnished the same results and without L-proline did not form the desired product.
Having established the best reaction conditions, as well as the organocatalyst that demonstrated better enantioselectivity, a range of β-nitrostyrene derivatives (3a-3e) was investigated to evaluate the versatility of the mediated system developed ( Table 3 , entries 1-5). All the five proposed reactions resulted in considerable enantioselectivity, with the best result being achieved with β-nitrostyrene 3e (Table 3 , entry 5, 42% ee). However, the presence of substituents did not improve the enantioselectivity when compared to unsubstituted β-nitrostyrene 3 as substrate ( Table 2 , entry 21). 28 The role of the L-proline derivatives 1a, 1b and 1c as catalysts was also investigated (Figure 3 ). The assays employing 1a, 1b and 1c were carried out under similar conditions to those used with L-proline, and the results are summarized in Table 4 .
Initially, the derivatives of L-proline were assayed, under established conditions, without the presence of co-catalyst. The entries 1-6 show the formation of product 4 in moderate yields. When diethyl-L-proline (1a) (entries 1 and 4) was used, the reactions did not show enantioselectivity, due to the impossibility of iminium formation. Reactions using derivatives 1b (entries 2-5) and 1c (entries 3-6), afforded 30 and 53% ee, respectively, showing the influence of co-catalyst D (Ti(O i Pr) 4 ) forming an effective interaction between nitro group and iminium salt.
Regarding the best result of ee employing L-proline and the co-catalyst D, both with 20 mol% (Table 2 , entry 21, 55% ee), we decided to evaluate the effect of different molar ratios of L-proline and the co-catalyst D (Table 5) . Increasing the quantity of L-proline to equimolar ratio led to a low increase in enantioselectivity (Table 5 , entry 2, 33% ee). On the other hand, an increase of L-proline quantity with the concentration of the co-catalyst D remaining in 20 mol% did not affect the ee. Moreover, increasing both L-proline and the co-catalyst D to equimolar ratio, furnished the desired product with 70% ee, whereas a decrease in L-proline amount to 20 mol% affected the rate of reaction and ee (Table 5 , entries 5 and 6). This result shows the direct influence of Ti(O i Pr) 4 concentration and L-proline amount on the product yield and ee. These observations suggest an interaction between these two reagents and that, decreasing the L-proline quantity and increasing the Ti(O i Pr) 4 concentration might not provide free L-proline to produce the iminium salt with salicylaldehyde. Although the synthesis of nitrochromene through the reaction of salicylaldehyde with β-nitrostyrene is not performed under catalytic conditions, we further investigated the reaction with the different β-nitrostyrenes in equimolar proportion (Table 6 , entries [1] [2] [3] [4] [5] .
In all cases we observed an increase in ee and a decrease in reaction yield, corroborating the direct influence of L-proline and Ti(O i Pr) 4 on reaction rate and ee. In an attempt to explain the process of chiral asymmetry transfer, we proposed the addition of the favored E-iminium (EI) to the Si face of β-nitrostyrene, leading to the observed R products (Figure 4 ). The use of Ti(O i Pr) 4 is essential to create an involvement between iminium adduct EI and β-nitrostyrene (TS-Ti).
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Conclusions
This work showed that reactions using L-proline, a low cost and easily obtainable reagent, performed under mild conditions, are an efficient method for the preparation of chromenes based on OXA-Michael-Henry reactions with up to 70% ee employing stoichiometric amounts and 55% ee in catalytic conditions. The OXA-MichaelHenry reactions resulted on better yields when titanium was used as reagent and toluene as solvent. Thus, through screening with different co-catalysts, it was observed that the chiral environment is favored with the use of co-catalysts. Therefore, the work demonstrates that it is possible to obtain considerable enantiomeric excesses using an inexpensive and accessible amino acid.
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